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Topological variants of single-strand DNA (ssDNA) structures, referred to as “functional DNA,” have been detected in regulatory
regions of many genes and are thought to aﬀect gene expression. Two ﬂuorescent analogs of deoxycytidine, Pyrrolo-dC (PdC)
and 1,3-diaza-2-oxophenoxazine (tC
◦), can be incorporated into DNA. Here, we describe spectroscopic studies of both analogs to
determine ﬂuorescent properties that report on structural transitions from double-strand DNA (dsDNA) to ssDNA, a common
pathway in the transition to functional DNA structures. We obtained ﬂuorescence-detected circular dichroism (FDCD) spectra,
steady-stateﬂuorescencespectra,andﬂuorescencelifetimesoftheﬂuorophoresinDNA.OurresultsshowthatPdCisadvantageous
in ﬂuorescence lifetime studies because of a distinct ∼2ns change between paired and unpaired bases. However, tC
◦ is a better
probe for FDCD experiments that report on the helical structure of DNA surrounding the ﬂuorophore. Both ﬂuorophores provide
complementary data to measure DNA structural transitions.
1.Introduction
DNAsingle strandscanhybridizetoformhigher-orderfunc-
tional structures, which include hairpins, triplexes, and
quadruplexes [1–4]. The existence and physiological rel-
evance of these secondary structures in vivo have been
the subject of much controversy. However, several in vivo
techniques have conﬁrmed the presence of DNA secondary
structures in telomeres and regulatory regions of speciﬁc
genes (e.g., BCL-2, c-myc) [5–8]. Secondary structures may
also serve as speciﬁc targets recognized by drugs, such as
actinomycin D and PIPER, as well as transcription factors,
such as Sp1, because of their topological variance from
duplex Watson-Crick DNA [9, 10].
On account of their occurrence in regulatory regions and
their structural peculiarity, functional DNA structures may
serveasbiologicalmicroswitchesforalteringtranscriptionby
silencing or enhancing gene expression [11, 12]. Exercising
control over gene expression by controlling the activation of
these switches and/or introducing new switches in biological
circuits could revolutionize medical research and oﬀer new
avenues of treating genetic disorders. For exercising such
control, it is imperative to understand the factors aﬀecting
the mechanism of formation and maintenance of functional
structures at a fundamental level.
Numerous ﬂuorescent analogs of DNA bases have been
evaluated for examining the subtleties of DNA transitions
[13–15]. Locating an appropriate probe that could map the
mechanistic aspects of transition of double stranded (ds)
DNA to single stranded (ss) secondary structure is a ﬁrst step
toward monitoring the formation of complex, higher-order
structures since ssDNA is an intermediate in the pathway to
functional structures. In the following report, we present a
comparative study of two deoxycytidine analogs, PdC and
tC◦ (Figure 1), to evaluate their suitability as ﬂuorescent
reporter probes for DNA transitions.
The properties of pyrrolocytosine and the eﬀects of base
stacking and hydrogen bonding on its quantum yield in
nucleic acids have been previously evaluated [16]. Based on
this prior work, we reported the use of PdC to determine2 Journal of Nucleic Acids
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Figure 1: Structures of PdC and tC◦. R indicates the linkage to
deoxyribose.
hairpin formation in short oligos (16 nucleotides) [17]. The
ﬂuorophore was stable in these oligos and did not perturb
DNA structure. This result implied that PdC might be a
useful probe for investigating more complex DNA functional
structuresindetail.However,toovercomecertainlimitations
of PdC, we also explored another recently characterized
ﬂuorescent base analog, tC◦.
The tC◦ has a quantum yield ﬁve-times greater than PdC
(Qf = 0.30 for tC◦) and a molar absorptivity maximum of
9000M−1 cm−1 at 360nm [18]. The absorbance wavelength
of tC◦ is similar to PdC, which allows both to be easily
distinguishable from DNA. Both of these ﬂuorophores have
been reported to be quenched, relative to the single strand,
when base-paired with guanine, making it easy to determine
when the DNA is in the duplex form [17, 19]. In addition,
unlike PdC, tC◦ has only minor variations in ﬂuorescent
properties caused by surrounding bases [20]. However, like
PdC, tC◦ induces little or no changes in stability upon
incorporation into dsDNA. High quantum yield, retention
of the original conﬁguration of DNA, and quenching when
base-paired suggested that tC◦ would be a useful ﬂuorescent
probe for mapping the transition of duplex DNA to a
functional DNA structure spectroscopically. In this paper,
we compare spectral properties of tC◦ and PdC for use as
reporters of DNA conformation. The DNA sequence used
(Table 1) is known to form a cruciform structure in the
cloning vector pBR322 under superhelical duress [21, 22].
This sequence was chosen since the results from the work
described here will provide a context for interpreting data
in future studies of the PdC and tC◦ incorporated into
this supercoiled plasmid. Hence the eﬀect of supercoiling
on functional structure formation and conformation can be
potentially probed with these ﬂuorescent bases.
2.MaterialsandMethods
2.1. Materials and Equipment. All DNA oligonucleotides
(sequences shown in Table 1), including those incorporating
PdC and tC◦, were obtained from Midland Certiﬁed Reagent
Co. (Midland, TX, USA). All oligos were dissolved in
Table 1: The 113-mer DNA sequence that is part of the cruciform
found in the terminator of the AmpR cassette in the cloning vector
pBR322 under superhelical strain. The location of the substitution
of cytidine by the ﬂuorescent analogs marked by an asterisk.
Sequence
5 -TGA GGT TAA GGG ATT TTG GTC ATG AGA TTA TCA AAA
AGG ATC TTC∗ ACC TAG ATC CTT TTA ATT AAA AAT GAA
GTT TTA AAT CAA TCT AAA GTA TAT ATG AGT AAA CTT
GGG C -3 
TE buﬀer (10mM Tris, 1mM EDTA, pH 8) made from
spectroscopic-gradereagentsobtainedfromFisherScientiﬁc.
Purity of each oligo was assessed using agarose gels, which
showed no other higher or lower molecular weight con-
taminations. CD and FDCD experiments were performed
using a circular dichroism instrument (Model 202SF, AVIV
Biomedical Inc. Lakewood, NJ, USA) and ﬂuorescence
lifetime measurements were conducted on a multifrequency
cross-correlation phase and modulation ﬂuorometer (model
K2, ISS Inc., Champaign, IL, USA).
2.2. Duplex Oligos. After ensuring the purity of the single-
strand PdC, tC◦, and wildtype (ssPdC, sstC◦, and ssWT;
the WT contains no ﬂuorophore) oligos, each was mixed
with a slight molar excess of their complementary strand.
This was heated to 80◦C for 20 minutes, and then cooled
to room temperature to anneal strands. The double-strand
oligoformationwasconﬁrmedbyobservingthediﬀerencein
migration of ds- and ss-oligos on agarose gels and compared
to a DNA ladder of the known length. In addition, duplex
was the only strand observed after staining with the SYBR
Gold, which stains both ss- and dsDNA.
2.3.CDandUVAbsorbance. CDspectrawererecordedusing
a quartz cuvette having an optical path length of 1cm. All
oligos analyzed were in 700μL volume at concentration of
0.35μM. Wild-type oligos were analyzed to ensure that the
signals were not modiﬁed by the ﬂuorophores. Each data
point was averaged over an integration time of 1s per nm.
CD signals were collected from 25◦Ct o9 0 ◦C over the range
of 220nm to 420nm to check for any change in the global
conformation of the single-stranded and double-stranded
WT, PdC, and tC◦ oligos. While performing CD scans, the
total UV absorbance of each oligo was also collected.
2.4. FDCD. FDCD spectra were collected using a quartz
cuvette of 1cm path length. Oligos analyzed were in a total
volume of 70μL and at the concentration of 8.5μM. Each
FDCD scan was averaged over 15 seconds per nm in order
to increase signal-to-noise ratio. The excitation wavelengths
were from 300nm to 420nm at temperatures ranging from
25◦Ct o9 0 ◦C. Emission was obtained by using a 450nm cut-
on ﬁlter.
2.5. Steady-State Fluorescence. Steady-state ﬂuorescence
spectra were analyzed for ss- and ds- (WT, PdC, and tC◦)
oligos. All the oligos had concentration of 0.35μMi nT EJournal of Nucleic Acids 3
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Figure 2: The characteristic CD spectrum of wild type ss- and ds-oligos as a function of temperature. All samples were at 0.35μM
concentration.4 Journal of Nucleic Acids
Table 2: Fluorescence lifetimes of PdC and tC◦ in single- and
double-strand DNA. The τ1 and τ2 are obtained by ﬁtting a double
exponential decay curve to the data, and f1 and f2 are fraction of
ﬂuorescence corresponding to lifetimes τ1 and τ2,r e s p e c t i v e l y .T h e
χ2 indicate the measure of error in the ﬁt. The value  τ  is average
lifetime calculated by

fiτ2
i /

fiτi.
Oligo τ1 (ns) f1 τ2 (ns) f2 χ2  τ  (ns)
ss tC◦ 5.3 0.9 1.7 0.1 2.0 5.1
ds tC◦ 5.1 0.8 1.8 0.2 1.5 4.8
ss PdC 5.2 0.7 0.7 0.3 1.9 5.1
ds PdC 3.3 0.6 0.1 0.3 1.4 3.2
buﬀer (10mM Tris, 1mM EDTA, pH 8). Excitation scans
were collected over the wavelength range of 220–400nm,
with the emission wavelength ﬁxed at 450nm. Emission
spectra were taken over the wavelength ranging from 400nm
to 580nm with the excitation wavelength ﬁxed at 350nm.
The ss- and dsWT oligos were used as a baseline signal and
subtracted from the steady-state ﬂuorescence data.
2.6. Fluorescence Lifetime Measurements. Fluorescence life-
time was measured for both ss- and ds-oligos using a
frequency domain lifetime instrument. The cuvettes used
were of 1cm path length. Excitation wavelengths were
350nm and 368nm for PdC and tC◦, respectively. Data were
collected from 10–240MHz frequencies with 100 iterations
at each frequency and 40 total frequencies from which the
lifetimes were calculated. Both the individual decays (ﬁtted
to 2 components) and average lifetimes are reported.
3. Results andDiscussion
3.1. Incorporation of Fluorescent DC Analogs Does Not Per-
turb DNA Structure. In order to assure that no structural
perturbations were introduced by insertion of the ﬂuo-
rophores in the oligos, changes in absorbance at 260nm
weremonitoredatvaryingtemperaturestodetermineduplex
melting temperatures as well as any transitions occurring
in ssDNA (data not shown). The data indicated that the
ssWT, ssPdC, and sstC◦ undergo similar spectral changes
with temperature, indicating no perturbations to the ss-
structuresafterreplacementofcytidinewithPdCortC◦.The
absorbance for all ssDNA increases by ∼10% from 25◦Ct o
40◦C, signifying reorientation of the strands during melting.
Thus, introduction of either PdC or tC◦ did not lead to the
formation of any additional secondary conformation in ss-
oligos as predicted based on the previous literature [17, 19].
No perturbation of dsDNA by PdC or tC◦ was observed.
All duplexes melted at 45 ± 3◦Ci nT Eb u ﬀer. This indicated
dsDNA containing the ﬂuorescent bases were readily formed
and stable at 25◦C. Hence, PdC and/or tC◦ could be used
to investigate single- and double-stranded regions of DNA
functional structures.
Circular dichroism (CD) spectroscopy was also used to
investigate whether the overall helical structural conforma-
tion of the DNA might have been aﬀected by the ﬂuo-
rophores (Figure 2). Our results, in agreement with melting
data from absorbance and the literature, indicated that the
ﬂuorophores did not aﬀect the structure of the duplexes
or the manner in which they melted [17, 23, 24]. There
were only negligibly small changes in the CD spectrum with
temperature for ss-oligos, which indicated little structure at
any temperature as compared to dsDNA. The dsDNA oligos
showedconsiderableCD,consistentwiththecommonglobal
spectral features typical of B-DNA [25]. Major changes in
the CD signal of dsDNA with respect to the temperature
were observed at 245nm, with relatively smaller changes that
occurred at 280nm. These CD spectra and their temperature
dependence illustrated that the DNA is not aﬀected by
replacing cytidine with PdC or tC◦.
3.2. The Local Helical Structure of DNA Can Be Probed by
Induced FDCD of tC◦. Circular dichroism has been used
for detecting the local environmental changes around PdC
integrated into DNA [26]. However, the direct detection of
CD by PdC or other base analogs is restricted to analogs
that either have an absorbance far enough removed from the
DNA λmax of 260nm to prevent spectral overlap or are incor-
porated into short DNA sequences. In both cases, signiﬁcant
amountsofDNAarerequiredtoobtaingoodsignal-to-noise.
An alternative approach to direct CD observation is to use
FDCD to study the local environment of the ﬂuorescent base
analog.Sinceourpreviousdatahassuﬃcientlydemonstrated
that the replacement of deoxycytidine with either PdC or
tC◦ does not aﬀect the original DNA structure, we analyzed
the ﬂuorophores by FDCD to explore the local structural
changes occurring around the base. In our studies, PdC-
containingDNAatconcentrationsupto8.5μMdidnotshow
any FDCD signal over the temperature range of 25◦Ct o
90◦C, suggesting that PdC’s low quantum yield is insuﬃcient
for FDCD measurements at reasonable DNA concentrations
with our instrument. However, tC◦ showed a strong FDCD
signal for both ss- and dsDNA between 300nm and 420nm
even at submicromolar concentrations (0.5μM; Figure 3).
The FDCD signal for duplex DNA was signiﬁcantly larger
than that for the ss oligo. In addition it had a positive
value throughout, indicating the base was stacked parallel
to the bases in the vicinity. The lower intensity of the
peak in ss-oligos is attributed to the residual structure
at room temperature. Thus, tC◦ is a very eﬀective probe
for monitoring the localized changes occurring in DNA
structure in response to variations in structural parameters.
FDCD data obtained can be used for predicting the
molecular details of higher-order secondary structures. For
example, in case of loop regions of i-motif and cruciform
structures, tC◦ will exhibit lower FDCD signal since these
regions are less structured. However, tC◦ substituting for dC
in the regions where base-pairing occurs should show higher
FDCD signals. These structural details could then be used
to assess the stabilities of functional DNA structures after
binding of transcription factors or drugs.
3.3. Fluorescence Properties of the Base Analogs Reveal Their
Pairing State. Fluorescence intensities of PdC and tC◦
depend on their hydrogen bonding state, and decrease if theJournal of Nucleic Acids 5
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Figure 3: FDCD spectra with respect to temperature for PdC and tC◦. The low quantum yield of PdC did not allow for detection of FDCD
at this concentration. ΔF/F is the diﬀerence in the ﬂuorescence caused by left- and right-handed polarized light over total ﬂuorescence of the
ﬂuorophore.
ﬂuorophores are base-paired [17, 19]. Figure 4 clearly dem-
onstrate this quenching of ﬂuorescence for both PdC and
tC◦ in duplex dsDNA versus unpaired ssDNA. Fluorescence
intensities from ssDNA to dsDNA are lowered by approxi-
mately 60% and 40% for PdC and tC◦,r e s p e c t i v e l y .Figure 4
also shows the diﬀerence in the quantum yield of PdC and
tC◦, with PdC exhibiting signiﬁcantly lower ﬂuorescence.
Boththeﬂuorophoreshadanexcitationmaximumat350nm
and an emission maximum of 450nm that did not change
in ssDNA versus dsDNA. These decreases in the ﬂuorescence
and the location of the maxima are consistent with the
known literature [8, 19].
Likesteady-stateintensities,ﬂuorescencelifetimesofPdC
and tC◦ decrease when they are paired to their complemen-
tary base [17, 19]. Since ﬂuorescence lifetimes are indepen-
dent of concentration, their decrease has the potential to
be used for diﬀerentiating paired bases from unpaired, thus
they can be used for deductively mapping functional DNA
structures. Lifetime data was obtained at room temperature
for both ss- and ds-oligos. Two lifetimes (τ1, τ2)w e r eﬁ t
to the phase-modulation data. The weighted average of the
two lifetimes, τ1 and τ2, were calculated and reported as
 τ  in Table 2. These weighted averages indicate that the
lifetimesfortC◦ decreasedslightly(0.3ns)withrespecttothe
strandedness.Incontrast,PdCshowedappreciablediﬀerence
(1.9ns) between single and duplex oligos. These lifetime
values are similar to those previously reported [17, 19]. To
unambiguously diﬀerentiate between the ss- and ds regions
of the secondary structures, greater diﬀerences in lifetimes of
base-paired and unpaired ﬂuorophores are required. Thus,
the lifetime data indicates that PdC is a better choice than
tC◦ for assessing the strand base-pairing in DNA via this
methodology. Similar to FDCD, lifetime measurements can
facilitate the studies to observe diﬀerences between ss loop
regions and ds regions in functional DNA structures like i-
motifandcruciforms,andhenceaidthestudiestoinvestigate
formation and stability of secondary structures.
4. Conclusions
In this report, spectroscopic techniques were used to deter-
mine the appropriate ﬂuorescent deoxycytidine analog for
probing the transition of duplex DNA into topologically
distinct functional nucleic acid structures. Our conclusion
is that neither analog tested is a perfect reporter. Rather,
we suggest the two should be used in conjunction to
obtain an overall description of changes to nucleic acid
structure. While tC◦ has a very good quantum yield that
allows for FDCD analysis, it exhibits only minor changes
in ﬂuorescence lifetime between ss- or dsDNA. PdC, on
the other hand, undergoes a substantial decrease in the
ﬂuorescence lifetime when base-paired, but shows no FDCD
signal at concentrations appropriate for most biochemical
studies. Hence, we conclude that to map the transition of
duplex DNA to other functional forms, both PdC and tC◦
at concentrations up to 8.5μM can be used, depending on6 Journal of Nucleic Acids
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Figure 4: Excitation and emission spectra of PdC and tC◦
incorporated in ss- and dsDNA. The solid and dotted curves stand
forexcitation andemission spectra, respectively. Allsampleswereat
0.35μM concentration.
the structural information desired. We are now investigating
spectral changes incurred by these probes, when they are
contained within well-known functional DNA structures,
such as quadruplex and i-motif DNA.
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